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List of symbols and their meaning *) 
B amplitude of magnetic induction pulse [T] 
c velocity of light in vacuum [299.8 m/J..Ls] 
C capacitance [J..LF] 
Ce capacitance of magnet cell [J..LF] 
Cg capacitance of PFN cell [J..LF] 
h height of magnet aperture [m] 
I amplitude of magnet current pulse [kA] 
K amplitude of magnetic kick strength [Tm] 
Ie cable length [m] 
1m magnetic length [m] 
L inductance [J..LH] 
Le inductance of magnet cell [J..LH] 
Lg inductance of PFN cell [J..LH] 
LIII magnet inductance [J..LH] 
Ls switch inductance [J..LH] 
ng number of PFN cells 
nm number of magnet cells 
N number of magnets 
R resistance [0] 
p beam momentum [GeV/c] 
tg generator rise time [J..Ls] 
till magnet filling time [J..Ls] 
tr kick rise time [J..Ls] 
To pulse duration [J..Ls] 
U maximum charging voltage [kV] 
Um magnet voltage [kV] 
Uop operational charging voltage [kV] 
w width of magnet aperture [m] 
Z characteristic impedance [0] 
Zo characteristic impedance at (0 = 0 [0] 
f3 transfer constant 
8 skin depth [m] 
c permittivity [pF/m] 
co permittivity of vacuum [8.8542 pF/m] 
Cr relative permittivity 
1J deflection angle [rad] 
fl permeability [J..L V siAm] 
flo permeability of vacuum [0.411: J..LH/m] 
flr relative permeability 
p electric resistivity [Om] 
(0 angular frequency [10%] 
(Oe angular cut-off frequency [106/s] 
(OOe angular cut-off frequency for basic LC network [10%] 
*) Square brackets denote units 
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2 Travelling wave systems 
(Systems with quasi-rectangular pulse shape of sub-microsecond rise and fall time) 
Quasi rectangular pulse shapes are generated by travelling wave kicker magnet systems. 
Most common applications are fast deflection of a train of bunches for injection and extraction 
in hadron machines. An earlier review is given in [I]. 
2.1 Design Principles 
The basic circuit for generating magnetic field pulses of quasi-rectangular shape is 
shown in Figure 1. An energy storage cable (Pulse Forming Line, PFL, or Pulse Forming 
Network, PFN) is charged to a voltage U and then discharged by an ideal switch via a 
transmission line and a cable-type distributed magnet into a termination resistor R. The magnet 
can be represented as a short piece of coaxial cable whose coaxial magnetic field is used for 
beam deflection. 
Pulse Forming Line T ronsmission Line 
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Figure 1 
Basic circuit and pulse shapes of a travelling wave kicker magnet system 
If the cables are loss free and have a characteristic impedance of 
Z=R, (1) 
with R the value of the termination resistor, then the discharge current pulse is rectangular and 
reflection free. The characteristic impedance Z is real and frequency independent and given by 
the unit-length inductance L' and the unit-length capacitance C' of the cables 
w 
Z = VC;;' (2) 
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The PFL discharges in two steps as shown in Fig. I. The pulse duration To is given by 
the unit-length inductance, the unit-length capacitance and the PFL length lc to 
2Z1 
T, = 2ZC'l = _c = 2..JUC' I 
o C L' c· 
With a magnet inductance Lm the filling time of the magnet is 
the kick rise time 








The design starts in general with the choice of the PFL charging voltage U and of the 
systems characteristic impedance Z. The maximum possible charging voltage is mainly 
determined by reliability considerations of the power switch. For high performance systems 
equipped with gas switches, about 60 kV are used for long pulses (T > --5 Jls) of low 
impedance (Z < --5 Q) [2] and about 80 kV for shorter pulses and/or higher impedance values 
[3]. The chosen characteristic impedance depends on the required kick rise time, but also on 
deflection strength and available space, ranging from about 30 Q for a rise time of 30 ns [4] 
down to about 2 Q for a rise time of about 1 JlS [5]. Table 1 gives as example parameters of 
travelling wave kicker magnets in service covering a wide range of kick rise time and 
characteristic impedance. 
2.2 Basic design equations 
For an ideal system with negligible pulse generator rise time and negligible losses the 
following equations hold. 
The total required kick strength is 
~ [rad] p [GeV/c] 
K[Tm] = 0 . 
.3 
(7) 
with [) deflection angle and p beam momentum. 
With a magnetic aperture width w and height h the magnetic length lm can 
approximately be determined from the magnet inductance 
(8) 
and the magnet filling time tm (Eq.( 4)) 
to (9) 
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Furthermore, with a magnetic flux density of 
B = 110 I _ J.lo ~ 
h h 2Z 
and a kick strength of 
the theoretical required number of magnets becomes 
K 2hZ 




Nth is usually raised to the next integer N, the number of required magnets, by lowering the 
maximum voltage U to the operation voltage Uop 































































2.3 Magnet Design 
The equivalent electrical circuit of the ideal, loss free 'coaxial cable' type magnet is an 
distributed ladder network with a characteristic impedance as given in Eq, (2). This magnet is 
an all-pass filter with a frequency independent, distortions free pulse response as shown in 
Figure 1. 
Real magnets are in general assembled as lumped ladder networks. They can in many 
respects be regarded as low-pass filters (see e.g.[6]). They are normally built up of about 5 to 
30 cells, depending on pulse response requirements. With a magnet inductance Lm, and nm cells 
per magnet, the cell inductance is 
(14) 
and the cell capacitance (15) 
The characteristic impedance is frequency dependant 
(16) 
with Zo the characteristic impedance at (j) = 0 
ffc Z = -o C· c (17) 
2 
and (j)oc the cut-off frequency (18) 
For a matched magnet the pulse response is mainly governed by the transfer constant /3, the 
(complex) ratio of the input and output currents 
(19) 
For a smooth, ripple free pulse response, /3 must be as linear as possible and the product 'cut-




A correct pulse response calculation must in addition take into account the magnetic 
coupling between the cells and the leakage inductance of the cell capacitors. In the equivalent 
circuit this can be represented by an inductance in series with the matching capacitor. For 
conventional kicker magnets both values add up with a positive sign to a stray inductance L(}) 
that lowers the cut-off frequency of the cell considerably. 
With 
the cut-off frequency becomes 
and the characteristic impedance 
1 
UJ - UJ 
c - Oc .Jl + 4k 





A detailed pulse response analysis is given in [7]. The stray inductance can be 
eliminated by adding field coupling loops to the magnet cells. Different methods are described 
in [7],[8],[9]. 
Travelling wave kicker magnets are constructed in 'window frame' or 'C' 
configuration. In the 'window frame' approach both conductors are inductive and the 
equivalent circuit is a four terminal network In a 'C' configuration the return conductor is not 
surrounded by flux thus reducing the four terminal to a three terminal network. This allows to 
use coaxial connectors with grounded outer conductors at the magnets input and output 
terminals. The cross section of a kicker magnet in 'C' configuration is shown in Fig. 2. The 
magnet is housed in a stainless steel vacuum enclosure of a-shape which permits assembly on 
a flat base plate. 
1 Capacitor plate (ground potential) 
2 Capacitor plate (high voltage potential) 







4 Current conductor (ground potential) 
5 Magnet yoke 
6 Vacuum enclosure 
Figure 2 Schematic cross-section of a 'C' -shape kicker magnet 
with parallel plate matching capacitors under vacuum 
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For beam impedance reasons it is often preferred in modem synchrotrons to equip 
kicker magnets with thin metallised ceramic vacuum chambers placed into the magnet aperture 
rather than placing the entire magnet into a vacuum enclosure. For information concerning such 
vacuum chambers see [26]. A cross section of such a magnet of window-frame type and with a 
tape wound steel yoke (see chapter 5.2.2) is shown in Figure 3. 
1 Insulation, high voltage coil 
2 Conductor, high voltage coil 
3 Ceramic beam pipe 
4 Magnet core 
5 Mechanical frame 
6 Epoxy reinforcement 
Figure 3 
Cross-section of a window frame kicker magnet with tape wound steel yoke 
and ceramic vacuum chamber 
2.4 Design of Pulse Forming Networks (PFN's) 
For a pulse duration shorter than about 3 MS, usually coaxial high voltage lines are 
employed as pulse forming networks. 
The pulse duration is (26) 
The rise time of the pulse is (27) 
with Ls the equivalent inductance of the switch. For coaxial mounted three gap ceramic 
thyratrons L,I' "'" 100,00150 nH (28) 
The fall time of the pulse is slightly longer, depending on cable length and dispersion. 
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For a pulse duration longer than about 3 Ils the flat-top droop caused by the series 
resistance of the line becomes too important and lumped LC ladder networks are used. A 
circuit diagram of a complete kicker system is given in Figure 4. With a number of ng PFN 
cells and with Lg and Cg the cell inductance and capacitance respectively the pulse duration is 
(29) 
The number of cells chosen varies between about 10 and 30, depending on flat-top 
ripple requirement and the ratio of rise time to pulse duration. The natural pulse rise time of a 
PFN is in general too long and a speed-up front cell is added as shown in Figure 4, resulting in 
a rise time as given by Eq. (27). The natural fall time of a PFN is long, often a large percentage 
of the pulse duration. If a short fall time is required the output of the PFN is short-circuited by 
means of a second power switch ("clipper"). To avoid that the energy then remaining in the 
PFN oscillates between its open and shorted ends, a third switch ("dump") or a diode assembly 
in series with a matched resistor is connected to the open end of the PFN to dump the energy. 
The relative timing between the three switches allows to chose freely the duration of the output 
pulse. 
The cell inductances are either wound as individual one-layer solenoids per cell or as a 
continuous one-layer coil over the whole PFN length. In the former design magnetic coupling 
between cells is, to a ftrst approximation, negligible and the pulse shape can be adjusted by 
varying the inter tum distance of the solenoids. The latter design provides magnetic coupling 
between cell inductances which can, in the equivalent circuit, be represented as a negative 
inductance in series with the matching capacitor. The leakage inductance of the matching 
capacitor can thus, at least partly, be compensated. However for the latter design a pulse shape 
adjustment is not possible and care must be taken to assure a small manufacturing spread 
between the capacitor values. The design of low impedance, low flat top ripple PFN's is treated 
in [10],[11]. 
Eq. (24) implies often a PFN charging voltage too high for air insulation. The active 
part is then immersed in insulation fluid. 
The detailed design of fast pulsed magnet systems is to date done by means of CAD 
programs which replace gradually the study of prototypes. PSpice [12] is widely employed for 
circuit analysis. For fteld calcqlations (electrostatic, electromagnetic, DC, AC or transient) 
often OPERA 2D or OPERA 3D [13] are used. 
3 Oscillation Systems 
(Systems with quasi-sinusoidal pulse shapes) 
Fast deflection of single bunches is most economically accomplished by half-sine 
pulses generated by a capacitor circuit discharged into a purely inductive magnet. Most 
common applications are injection and extraction in accelerators with only a limited number of 
bunches or in lepton machines with accumulation schemes for injection [14][15][16]. 
Compared to a travelling wave kicker system, the PFN reduces to a single capacitor C, and the 
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magnet does not need matching capacitors. To avoid wave reflections, a transmission line 
between pulser and magnet can, in general, not be accepted. The pulser must then be placed in 
the accelerator tunnel adjacent to the magnet. All this results in important economies. The kick 
rise time is 
the peak magnet current 







Compared to a matched travelling wave system of the same deflection strength the charging 
voltage is halved, allowing in general an economic air insulation of the pulse generator. 
Ideally the power switch shall be unidirectional to tum-off the current after completion 
of a half sine pulse . However at the tum-off instant the switch current has its maximum 
negative rate of decay and the capacitor voltage is present at the switch terminals with 
maximum negative value. This could cause back-arcing and destruction of the switch. The 
negative voltage must therefore be reduced to a low value optimised for safe tum-off. This can 
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Figure 5 
Circuit diagram of a half-sine pulser with auxiliary circuit 
for optimum current tum-of 
The circuit is designed such that the auxiliary current reaches its positive amplitude 
approximately at the instant at which the main discharge current reaches its negative maximum. 
If both amplitudes are made approximately equal, the rate of current fall at the end of the pulse, 
corresponding to the switch voltage, becomes small, thus facilitating the tum-off of the switch. 
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Typical current wave forms (A, J.l.s) of a half sine wave pulser 
with assisted current tum-off 
4 Free-wheel systems 
(Systems with sinusoidal rising pulse shape and long exponential decay) 
6 
Fast rising pulse shapes with long exponential decay are used in fast extraction systems 
with not too stringent requirements on the precision of the flat-top current, or in systems with a 
specified decay rate. The main application are beam abort (dumping) systems [17](18]. 
The basic circuit, shown in Figure 7, consists of a capacitor C discharged into a purely 
inductive magnet Lm which is bypassed by a stack of diodes Df . During the sinusoidal current 
rise diodes Df are biased in reverse direction and do not conduct. At maximum current the 
diode voltage becomes positive, the diodes conduct and free-wheel the magnet current in a loop 





Equivalent circuit of a free wheel kicker system 
In most applications the stray inductances Ls and Lj of the capacitor and free wheel 
branches respectively are not negligible with respect to the magnet inductance Lm and influence 
considerably the pulse shape. To avoid an unwanted internal generator oscillation between 
capacitor C and stray inductance LJ, a diode Ds, paralleled by a low damping resistor Rs, is often 
introduced. The magnet current decays with a time constant 
(33) 
A filter Rm,Cm is branched in parallel to the magnet to dampen the reflection generated by the 
short connection cable Tl. The generator currents as measured by current transformers CT are 
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Figure 8 
Typical current wave forms (A, /-ts) of a free-wheel kicker system 
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5 Components and materials 
5.1 Power switches 
5.1.1 Gas switches 
Thyratrons. Fast high performance systems are in general equipped with commercially 
available thyratrons. They offer reliable switching at high repetition rate and low turn-on jitter, 
a large dynamic voltage operation range and a low trigger power. They need an electrical 
supply for the cathode heater and the gas pressure regulation. A list of frequently used types 
and their performances is given in Table 1. 
Peak Peak Average Number 
Type voltage current current of Remarks 
[kV] [kA] [A] gaps 
EEVCX1154 40 3 2 1 
EEV CX1159 33 1 1.25 1 glass 
envelope 
EEV CX1168 70 3 2 2 
EEVCX1171B 100 3 3 3 double 
cathode 
Table 1 
Abridged data of frequently used thyratrons 
TriggerabZe high pressure spark gaps. Compared to thyratrons these commercially 
available switches have a smaller dynamic voltage operation range and higher turn-on jitter. 
They need a high trigger power and have a limited pulse life time. They are more economic 
than thyratrons. A list of commercially available spark gaps and their main characteristics is 
given in Table 2. 
Ignitrons. Used extensively before the advent of semiconductors, ignitrons are under 
enviromental pressure due to their large mercury cathodes. They have a rather large turn-on 
jitter, can carry very large discharge currents and hold-off medium high voltages. An abridged 
data list of commercially available ignitrons is given in Table 3. 
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Operating Peak Maximum Design 
Type voltage current charge shot 
[kV] [kA] transfer [C] life 
Maxwell 40044 20-50 50 0.3 104 
Maxwell 40065 25-100 50 0.5 104 
EEVGXT 2-40 75 2.0 6.106 
EEVGXG 2.5-85 75 3.0 107 
Table 2 
Abridged data of commercially available triggered spark gaps 
Type Peak Peak Average Ionisation 
(Richardson voltage current current time Remarks 
Electronics) [kVJ [kA] [A] [Jls] 
NL2888A 25 300 2 1.0 HD graphite anode 
NL 7703 25 100 0075 1.0 Molybdenum anode 
NL508 50 100 0.33 1.0 Molybdenum anode 
Table 3 
Abridged data of frequently used ignitrons 
Pseudo spark switches. For applications requiring only a small total number of pulses, 
like beam dumping systems in colliders or fast protection systems of accelerator components 
pseudo spark switches offer many advantages over thyratrons and do not need a heater supplyo 
They are an economic alternative to thyratrons but are not yet commercially available on a 
larger scale [19][20][21]. 
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5.1.2 Solid state switches 
Fast thyristors and Integrated-Gate Bipolar Transistors (IGBT's). These switches have 
a rate of current rise of less than about 1.5 kNJlS which limits the application to relatively 
slowly pulsed systems. 
Gate turn-off (GTO) thyristors. Stacks of 12 units (symmetric design, irradiated) 
operating at a current rate of rise >20 kNJlS and a charging voltage of 35 kV have recently 
been successfully employed in a prototype installation [22][23], and single standard design 
asymmetric units have shown a rate of current rise> 40 kNJlS [27]. The increase in the rate of 
current rise of more than an order of magnitude compared to standard fast thyristors will open 
up in the near future new high current switching applications for GTO thyristors. Table 4 lists 
typical characteristics. 
Peak Peak Max rate of Switching Trigger 
Make Type voltage current current rise time current 
[kV] [leA] [kNJls] [Jls] [A] 
Marconi DG648HB45 4.2 50 40 0.7 300 
Westcode WG20045 4.5 33 20 1.0 200 
Table 4 
Typical data of a modified GTO thyristor for fast switching 
5.2 Magnetic Materials 
5.2.1 Ferrite 
Ni-Zn ferrite is the standard yoke material for kicker magnets. The magnetic 
permeability is sufficiently high to neglect in first approximation the reluctance of the yoke 
with respect to that of the beam aperture. The electric conductivity is low enough to allow 
direct contact with the current conductors avoiding the need of conductor insulation. Properly 
cleaned ferrite has furthermore a low out gassing rate acceptable for DRV enclosures. Table 5 
gives abridged data of ferrite frequently used for kicker magnet construction. 
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Initial Max Max flux Coercitiv Volume 
Make Type permea- permea- density ,e force resistivit 
bility bility [T] [Nm] y[Om] 
Philips 8Cll >1000 >4000 >0.3 <20 >107 
Ceramic Magnetics CMD5005 1600 4500 0.32 18.3 107 
Table 5 
Main characteristics of Ni-Zn ferrite for kicker magnet applications 
5.2.2 Steel 
For magnetic field pulses with an induction above about 250 mT thin steel laminations 
are used as yoke material. For an acceptable pulse response the lamination thickness d is 
chosen to be 
(34) 
with the skin depth o=tp · {f)11 (35) 
As cost decreases with lamination thickness, material with high resistivity p and 
relatively low permeability Jl is preferred. Table 6 gives data of typical thin laminated steel 
material. For a thickness > ~ 1 00 /-lm the laminations are stamped with the shape of the yoke 
profile and stacked successively to form the magnet. Fast applications employ stacks of wound 
tape cores with a tape thickness down to 25 /-lm into which the beam aperture is cut [24]. 
Steel Main Initial Maximum Saturation Electrical 
type composition permeability permeability flux density resistivity 
(D.C.) (DoC.) [T] [10-80m] 
Fe-Si 96% Fe 3% Si 2000 25000 2.0 45 
Fe-Ni 52% Fe 47% Ni 7000 100000 1.6 48 
Table 6 
Main characteristics of thin laminated steel for pulse power application 
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